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Statement of Major Problems Studied
1) Exchange Bias and Coercive Fieldsin Ferromagnet/Antiferromagnet Structures

The exchange biasang of ferromagnets by antiferromagnets has proved to be an important issue
for megnetic data storage where it plays a key role in the biasing of GMR reading heads. In this
structure a number of changes can occur to the hysteresis curve associated with the ferromagnet:

1) The hysteresis curve may be shifted so that it gppears that the antiferromagnet produces an effective
fidd acting on the ferromagnet. Thisfidd istypicdly afew hundred Gauss or less.

2) The width of the hysteresis curve can be substantidly increased. Theincrease canextendtoa few
kG.

The precise mechanism for exchange biasing has remained unclear for over 40 years dthough substantia
progress has been made recently. We investigated a number of different problems related to thisissue.
One concerned the temperature dependence of the bias field and of the coercive fidd. Obvioudy in
practical applications therma gtability isamagor issue and it isimportant to know how these parameters

change with temperature. In addition we explored how interface roughness influences exchange biasing.

2) Microwave Response of Microstructures— Filtersand Phase Shifters

In recent years there has been an interest in moving to higher frequencies (10-80 GHz) for radar
aoplications. Magnetic materids such as Fe and Co are naturaly of interest for work in this region
because the spin waves in these materids have frequencies in this region. We investigated a number of
different materids and materiad combinationsin order to see whether these magnets would be suitable
for high-frequency sgnd processing. These included the exchange-spring system of coupled magnets
(Fe/SmCo) and magnetic/dielectric layered structures. In collaboration with Z. Celinski an
experimentaist at the University of Colorado at Colorado Springs, anumber of different proto-type
devices (notch filters and phase shifters) were congtructed using both Fe and permalloy as the active
materid. These structures were andyzed theoreticaly and measured experimentaly.



3) Damping Mechanismsin Ferromagnets

Ferromagnetic resonance (FMR) linewidth is a key parameter that controls the microwave
response of magnetic samples. It dso has great practica importance. For example in spin reversal of
magnetic memories it is desrable to suppress "ringing” of the magnetization after reversd, and thismay
be controlled by the disspation process. In addition, the damping of spin waves is of fundamenta
importance for high frequency signd processng usng magnetic materids snce it controls absorption of
enagy. We dudied damping mechanisms in ultrathin magnetic films with an emphasis on surface

roughness.

4) Static and Dynamic Behavior of Dot Arrays

Thelast 20 years has seen an explosion of work in ultra-thin magnetic films. The properties of ultra-thin
films are subgtantidly different from those of bulk materials, and new technologies such as giant
magnetores stance have emerged based on these new materids. We recently explored theoreticdly the
properties of reducing the geometry even further, i.e. from athin film to an array of tiny magnetic dots.

Summary of Most Important Results

1) Exchange Bias and Coercive Fieldsin Ferromagnet/Antiferromagnet Structures

Our initid work showed thet the coercive field and the exchange bias field should both decrease
with temperature. We showed that the coercive field should change more rapidly with temperature
compared to the bias fidd. This is in agreement with some recent experiments, however the
experimentd dtuation is not clear and other results have aso been found.

In addition we aso investigated how roughness at the surface of the antiferromagnet could
influence both the bias field and the coercive field. We showed that roughness could enhance the bias
and produce unique directions in the sysem. Further we studied how differernt types of roughness
(dngle ste roughness versus larger feature roughness) changes the bias fidd. We found that the key
issue was the net moment of the impurity Ste and that large bias fields could be produces by rough

surfaces.



Nearly al of the research in this area has a key parameter - the microscopic exchange coupling
between the ferromagnet and antiferromagnet.  Unfortunately this parameter remains largely unknown,
primarily because of the masking effect of surface roughness. In contrast to most previous research we
investigated the effect of the exchange coupling on the antiferromagnet rather than the ferromagnet. We
were able to show theoreticaly that the interface coupling could be obtained from changes in the spin
flop trangtion fidd in the antiferromagnet and that this result was largely independent of roughness.

We examined two additiona problems in the ferromagnet/antiferromagnet system. One paper
(Physicd Review Letters) sudied a"naturd™ ferromagnet/antiferromagnet system - fcc Fe grown on Cu.
For very thin films (12 atomic layers or less) this system is a naturd F/AF structure, but with the Fe
being both the ferromagnet and the antiferromagnet.  This system has very interesting properties -
including a magnetization that can increase as temperature increases. We obtained a theoretica
description for this effect and a way of understanding the antiferromagnetic phase trangtion seen in this
materid. A second paper sudied coercivity in the ferromagnetic/antiferromagnetic structure and
showed how there could be an increase in coercivity as the temperature increased. This surprising result
actudly occurs in some experiments!

2) Microwave Response of Microstructur es— Filtersand Phase Shifters

In collaboration with Argonne Nationd Laboratory we examined an exchange-Spring system
(Fe/'SmCo) where one ferromagnet (Fe) is coupled to another with high anisotropy (SmCo). We
found that the SmCo produces a large effective field on the Fe and, for thin Fe films, dramaticdly shifts
the natura resonance frequency. For example, a frequency of about 70 GHz was obtained for a 20
Angstrom film, while the frequency for athick film was about 20 GHz.

In collaboration with Z. Celinski we built, measured, an andyzed severd prototype devices such
as phase shifters and notch filters. Using Fe as the active dement we built amicrostrip notch filter which
showed an attenuation of over 40 db/cm, in good agreement with theoretica cdculations. We aso
investigated both experimentaly and theoretically a new microwave filter design — a coplanar waveguide
where are the dements of thefilter liein aplane. Thisisimportant because of ease of congtruction and
testing and aso because it dlows modification of the impedance in a smple raightforward way. The
structures tested included a notch filter and a phase shifter. Phase shifts of 450° /cm were obtained.



3) Damping Mechanismsin Ferromagnets

We developed a new theory of extringc contributions to the FMR linewidths of ultrathin
ferromagnetic films, with an emphasis on surface roughness as its origin. It was argued that a verson of
the two magnon mechanism invoked in the late fifties to explain the extringc linewidth in garnet crysds
is a0 operative in ultrathin films, by virtue of the unique character of the contribution to the spin wave
disperson reation from dipolar interactions between spins in these quas-two dimensond sysems. We
have recently extended this work to consider anisotropic magnetic materias and provide a generdized
form for the damping term in bulk materids. Furthermore a careful comparison of experiment and
theory for linewidths in ultrathin films and multilayers is underway with a publication to be expected in
2002.

We have recently extended this work to consider surface roughness in the form of steps which
are pardld to each other and which make some angle with the magnetization. We find a striking result
that depending on the geometry and on the goplied magnetic fid the linewidth should diverge! Inred
systems the linewidth divergence will no doubt be blunted because the strip edges and not dl perfectly
padld or graght, however FMR dudies of the azimuthd variation of linewidth should be very
interesting.

4) Static and Dynamic Behavior of Dot Arrays Square lattice 6X6
Our initid studies show that one can modify

2500 Angstrom radius
4 10,000 Angstrom spacing
M_= 1700 Gauss

500 Angstroms tall

the macroscopic properties of the dot array by

250 Angstroms tall

changing their microscopic structure. For example

we find that the hysteresis curve for the dot array can
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be substantialy changed by dtering the lattice pattern

of the array or amply by changing the height of the . . .
.. . . 60 40 20 0 20 40 a0
dots. Anexample of thisis shown in the figure to the T

right. This could have important consequencesin designing new materiads for magnetic storage.



A particularly interesting result emerged in our calculations of the dynamics of an array of dots.
We found that switching times (times for the magnetization reversd) could change significantly — by a
factor of 3- depending of the coupling between the dots. Since the coupling depends on the geometry
of the dot array, one has again developed a substantial designable flexibility in the response of the
materidl.
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